Experimental results from irradiated-carbon nanostructures can be partially explained by selective applications of classical damage theories and ad-hoc thermal models by treating the binary atomic collision cascades and multi-atomic thermal spikes as energy-dissipating mechanisms. An information-theoretic model is developed by treating the irradiated singlewalled carbon nanotubes and C60 as entropy-generating dissipative structures. The model is based on evaluating the experimental probability distribution functions of the sputtered constituents and components from the irradiated carbon nanostructures that yield their Shannon entropy or information. Three information-based functions of fractal dimension, relative entropy and dynamic emergence are defined and employed to characterize the profiles of self-organizing, information-generating dissipative structures. Fractal dimension determines the space-filling character, relative entropy establishes the distance between any two of the dissipative structures. Dynamic emergence function provides the profile of the emerging sequences. Results derived from the existing theories and thermal models are compared with the information-theoretic dynamic emergence model to comprehensively describe the nature of the dissipative structures in irradiated carbon nanostructures without making apriori assumptions about the energydissipating mechanisms.
Introduction
Solids irradiated by external energetic ions can be treated as dynamical systems [1] [2] [3] where bifurcating recoil atomic trajectories may lead to collision cascades (CC) or localized thermal spikes (LTS). The ensuing disorder in the form of point, line and volume defects produces vacancies, sputtered atoms, dislocations and clusters of defects. Dynamics of the emergence of these defects with specific temporal and spatial profiles characterize these as entropy-generating dissipative structures (DS). [4] [5] [6] [7] Non-equilibrium binary scattering mechanisms for CC are described by sputtering theory and Monte Carlo simulations in 3D bulk solids. 8, 9 . Results from irradiated carbon nanostructures [10] [11] [12] [13] have demonstrated the need for revisiting the theoretical framework to explain the irradiation-induced damage on 2D surfaces of single-walled carbon nanotubes (SWCNTs) and C60 cages. Investigations of the simultaneous emergence of CC and LTS in irradiated SWCNTs have been treated as transition of non-equilibrium cascades to localized hotspots-LTS. 7 Thermal models and simulations [14] [15] [16] [17] yield atoms and cluster dissociation temperatures in SWCNTs, but do not present the dynamic profile of the cage-toconstituents explosive transition. An information-theoretic model is presented here for the dynamic emergence of CC, LTS, fragmenting and exploding cages as self-organizing dissipative structures. [18] [19] [20] This model is firmly rooted in Shannon's information-theoretic paradigm [21] [22] [23] [24] [25] [26] [27] where the channel is the reservoir of emerging, information-generating DS. 28, 29 Information is derived from the probability distribution functions of the sputtered atoms and clusters emitted from the irradiated SWCNTs and C60s as a function of irradiating ion energy. Information and Kullback-Leibler distance 26 or relative entropy between two probability distributions, fractal dimension [30] [31] [32] [33] [34] [35] [36] and a new dynamic emergence function is introduced that yields the emerging trend of interacting, competing, evolving and disintegrating DS of irradiated SWCNTs and C60s.
In this communication we use CC≡collision cascades, LTS≡localized thermal spikes and DS≡dissipative structures.
Methods
Probability distribution functions ( ) ≡ ( ) for the sputtered anions are evaluated from mass spectra as a function of cesium energy ( + ). SWCNTs and C60s are irradiated in Source of Negative Ions with Cesium Sputtering-SNICS. 37 and ( + ). In the experiments reported here and the analysis thereafter, is the basic measure in our experimental data with ( + ) set at 0.1 and 0.2 keV.
Fragmenting SWCNTs and C 60 cages C2 emerges as the main sputtered species rather than C1, while CC-based sputtering theories predict only the monatomic C1 emission. 8, 9 The dominance of multi-atomic carbon clusters over C1 from Cs + -irradiated SWCNTs and C60 has been amply documented. [11] [12] [13] Linear CC do not explain the sputtering of clusters. Cascades of binary atomic collisions create single vacancies and mobile atomic defects with ion-energy dependent probability ( 1 ) ∝ ( + ) . 8, 9 Our experiments show ( + )-independent cluster ( >1 ) emissions. Clusters are neither considered nor expected to be sputtered from cascades as bifurcating atomic collisions do not generate multi-atomic vacancies. Clusters has been shown to be the result of the emerging LTS in SWCNTs with emission probabilities ( ) ≈ { ( / ) + 1} −1 , where is binding energy of an x-member vacancy at sublimation temperature Tsub. 14 Simulations with irradiated bulk solids (Si and Ge) have also indicated the emerging nonlinear energy dissipation mechanisms via LTS in addition to CC. [38] [39] [40] [41] From the radiation damage perspective, the ensuing damage has two time scales ≫ , CC occur for fractions for ps and LTS lasts for many ns.
Both mechanisms have collisional relationship and share the same spatial regions. For times > , the damage annealing sequences operate to minimize the localized sublimation-induced damage. 41 This explains the reason that the net irradiation-induced damage at times ≫ cannot provide the evolutionary trails of the emergence of the sequences of damage. From the same experimental results of the dynamic evolution of ( ) of sputtered species we develop thermal models and the information-theoretic diagnostic tools. 
Information-theoretic diagnostic tools for emerging dissipative structures
Irradiating ion energy ( + ) along with its systematic variations ( + ) are the basic parameters of the emerging dynamical system { + + ( , 60 )} that represents the initial input from the source of Cs + into the reservoir of sp 2 -bonded networks of carbon atoms in the form of SWCNT or C60. This reservoir is analogous to Shannon's channel 21 with a subtle difference that we treat it as a dynamical system, a repository of material and energy. SRS applied to irradiated SWCNTs and C60 in Fig.2 . Here information is generated. In terms of Shannon theory, we have a 'noisy-channel'. This 'noisy-channel' is treated as the emerging reservoir (the irradiated-SWCNTs or C60) that can generate and manipulate information. Modular description of such an information-theoretic Source-Reservoir-Sink (SRS) model 28 was developed to describe the emergence of C60 out of ensembles of selforganizing fullerenes. 29 Here, it is employed, with an additional function defined as dynamic emergence, to investigate the emerging trends of the fragmenting, irradiated SWCNTs and C60s.
The results of SRS model will be compared with those obtained by evaluating these two 
for each emitted species. The two sp 2 -bonded carbon nanostructures have different topologies;
SWCNT is cylindrical while C60 is a spherical nano-cage. The other significant difference is the nature of + -target interactions. SWCNT presents a static, hexagon-based nano-structured target where energy dissipation created cascades of binary recoiling atoms. Thermal spikes may originate from the enhanced localized vibrational motion of the atoms of hexagons of SWCNTs.
In the case of C60, a rotating, vibrating molecule is irradiated. Even in the condensed form of fullerite, where translational motion is restricted, each C60 molecule continues to rotate around a randomly oriented axis. We report results from two target configurations, the irradiated C60fullerite and C60 molecules suspended in ZnO powder. In the case of irradiated fullerite, the cages fragment sequentially by spitting out C2 and C4 before exploding. Irradiation of C60-cages suspended in ZnO powder cage-explosion seems to be the preferred route of ion-energy dissipation and entropy generation.
The emerging DS are diagnosed with Renyi's definition of fractal dimension 25 = /ln (1⁄ )
here is the measure of scale. is calculated for every from its information . It will be shown that emerges as a DS-defining function. It helps to distinguish linear versus nonlinear physical mechanisms. Kullback-Leibler distance 26 Dynamic emergence and the dissipative structural transformations (i) SWCNTs: Sputtering of ; > 1 from irradiated SWCNTs in Fig. 3(a) demonstrates ( + )-independent emissions of clusters C2, C3 and C4. However, 1 ( ) displays ( + )dependence. In Fig. 3(b) , the dynamic emergence function 1 of C1 displays 1 ⁄ > 0, while those for clusters 2,3,4~0 ⁄ . This confirms C1 as the emergent species that characterizes irradiated-SWCNTs. Emission of C1 is associated with CC that lead to LTS. 7 Binary collisionbased cascades are linear dissipative structures with calculated fractal dimension of C1 in Fig.   3 (a) is 1~1 . Fractal dimensions of C2, C3 and C4 are 2~3~4~2 , evaluated from their respective ( ) in Fig. 3(a) . These describe LTS as space-filling multifractal 36 .
(ii) C60-fullerite: C60 as condensed fullerite irradiated with low energy ( + ) lead to → + ; = 2,4 by shrinking of the pristine C60 cages with C2 and C4 emissions that generates successively increasing number densities of C58 and C56 in Fig. 3(c) . C2-only emissions at ( + ) = 0.2 0.3 are followed by C2 and C4 emissions at ( + ) = 0.4 − 0.7 .
Continued irradiations lead to the shrinking cages as a 2 ≡ 1 ℎ . Icosahedral C60 with twenty hexagons has twelve non-abutting pentagons. [42] [43] [44] [45] The reducing number of hexagons and increasing numbers of abutting pentagons induce non-isotropic distribution of the cages' strain. 46, 47 . The relative emission probabilities of these fragments, at the explosion stage, are according to their binding energies in the pre-explosion cages. Calculated of clusters 2~3~4~2 , similar to SWCNTs in Fig. 3(a) . C1's fractal dimension remains 1~1 which indicates the linear character of the mechanism responsible for its emission. Fragmentation spectra of ( ) in Fig. 3(e) is different from the one in Fig. 3(c The emission of C1, C3 and C6 starts at ( + ) = 0.7 , this is proposed to be initial threshold of irradiation energy for the exploding cages. ⁄ are used to calculate ~1600 ± 100 from plots of 2 / 4 as a function of temperature. (d) C60-ZnO: the ratio of rates 2 / 1 is used to calculate ~3300 ± 100 from experimental p(C 2 ) p(C 1 ) ⁄ from FIG. 3(c) . 
Comparative descriptions of thermal and information-theoretic descriptions for SWCNTs and 60 cages' fragmentation
.
Where partition functions of translation, rotation and vibration for the cages and the fragments are A closer look at the relative entropy of 2 and 1 for C60 cage fragmentation in Table 1 displays ( Supplementary material #3 has Table 2 with detailed ( ∥ ) calculations. In SWCNTs the initiation of collision cascades by energetic recoils is shown leading to thermal spikes that are characterized by the emission of monatomic and cluster emissions. (b) Irradiated C60 is shown to share the primary recoil energy with all atoms that leads to hot-explosive cage. In its initial stages, only C2 and C4 are emitted. The shrinking cage eventually explodes. (c) The evolutionary profile of dissipative structures (cascades, spikes, fragmenting and exploding cages) in irradiated SWCNTs and C60 cages is shown as the information-generating dynamic emergence that results from energetic input. The output signals in the form of sputtered carbon species, can be used as feedback for tailoring the emergence of the dynamical system (Cs + + C nanostructures) for desired outputs, by adjusting the input parameters by involution and feedback.
Conclusions
In conclusion, we have presented a Source-Reservoir-Sink model for the emerging dissipative structures in irradiated SWCNTs and C60 by utilizing the mathematical structure of 
